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Summary

Helicases are involved in themetabolismof nucleic acid; this is very sensitive to the abiotic stresses that reduce

plant growth and productivity. However, the molecular targets responsible for this sensitivity have not been

well studied. Here we report on the isolation and characterization of cold- and salinity stress-induced pea DNA

helicase 47 (PDH47). The transcript of PDH47was induced in both shoots and roots under cold (4�C) and salinity

(300 mM NaCl) stress, but there was no change in response to drought stress. Tissue-specific differential

regulation was observed under heat (37�C) stress. ABA treatment did not alter expression of PDH47 in shoots

but induced its mRNA in roots, indicating a role for PDH47 in both the ABA-independent and ABA-dependent

pathways in abiotic stress. The purified recombinant protein (47 kDa) contains ATP-dependent DNA and RNA

helicase and DNA-dependent ATPase activities. With the help of photoaffinity labeling, PDH47 was labeled by

[a-32P]-ATP. PDH47 is a unique bipolar helicase that contains both 3¢ to 5¢ and 5¢ to 3¢ directional helicase
activities. Anti-PDH47 antibodies immunodeplete the activities of PDH47 and inhibit in vitro translation of

protein. Furthermore, the PDH47 protein showed upregulation of protein synthesis. The activities of PDH47 are

stimulated after phosphorylation by protein kinase C at Ser and Thr residues. Western blot analysis and in vivo

immunostaining, followed by confocal microscopy, showed PDH47 to be localized in both the nucleus and

cytosol. The discovery of cold- and salinity stress-induced DNA helicase should make an important

contribution to a better understanding of DNA metabolism and stress signaling in plants. Its bipolar helicase

activities may also be involved in distinct cellular processes in stressed conditions.

Keywords: abiotic stress, DEAD-box protein, DNA-dependent ATPase, Pisum sativum, plant DNA helicase,

translation initiation factor, unwinding enzyme.

Introduction

DNA helicases are motor proteins that catalyze the

unwinding of duplex DNA in an ATP-dependent manner and

thereby play an important role in most of the basic genetic

processes including replication, repair, recombination,

transcription and translation (Lohman and Bjornson, 1996;

Matson et al., 1994; Tuteja and Tuteja, 2004a,b). Usually they

need single-stranded (ss) DNA or a ss/double-stranded (ds)

DNA junction as the loading zone and translocate on DNA in

either the 3¢ to 5¢ or the 5¢ to 3¢ direction (Lohman and

Bjornson, 1996; Matson et al., 1994). RNA helicases catalyze

the ATP-dependent unwinding of local RNA secondary

structures and play a broader role in remodeling RNA

structures (Gorbalenya et al., 1989; Linder et al., 1989;

Luking et al., 1998; Pause and Sonenberg, 1992). Multiple

DNA helicases are present in cells to deal with the different

structural requirements of the substrate in the various DNA

processes (Lohman and Bjornson, 1996; Matson et al., 1994;

Tuteja and Tuteja, 1996). For example, at least 14 different

DNA helicases have been reported from Escherichia coli, six

from bacteriophages, 12 from other viruses, 15 from yeast,

11 from calf thymus and 25 from humans (Tuteja and Tuteja,

2004a). However, the exact biological roles of only a few

DNA helicases have been defined (Lohman and Bjornson,

1996; Matson et al., 1994; Tuteja and Tuteja, 2004b). To date

very little is known about DNA helicases from plants, of

which only six have been reported in purified form (Tuteja,

2003; Tuteja and Tuteja, 2004a). Using cDNA microarray

analysis of 1300 Arabidopsis genes, Seki et al. (2001)
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reported a DEAD-box helicase gene (accession no.

AB050574) as a cold stress-inducible gene, suggesting a new

role for helicases in stress signaling.

Plants encounter a wide range of environmental insults

during their typical life cycle. Their responses to abiotic

stresses are multigenic and the molecular mechanisms

underlying these responses are not very well understood.

Previously, DEAD-box helicase genes were reported to be

induced under conditions of chilling and freezing stress

(Chamot et al., 1999; Gong et al., 2002). Here we report the

cloning and characterization of the cold- and salinity stress-

induced pea DNA helicase 47 gene (PDH47), which encodes

a dual helicase (PDH47). Interestingly it contains bidirec-

tional DNA helicase activity and is shown to be involved in

initiation of protein translation. The activities of PDH47 were

stimulated by phosphorylation with protein kinase C (PKC).

Finally we also show that PDH47 is localized in both the

nucleus and the cytoplasm.

Results

Isolation and sequence analysis of pea PDH47 cDNAs

For cDNA cloning, partial fragments of about 0.8 kb enco-

ding a cold stress-induced helicase were amplified by PCR

using cold-stressed ds-cDNA as template and degenerate

primers designed from the conserved helicase motifs I and

VI. Two cDNA clones (pBS-PDH47-1 and pBS-PDH47-2) were

obtained after screening a pea cDNA library with the partial

fragment (0.8 kb) as the probe. Sequence analysis of pBS-

PDH47-1 cDNA (accession no. AY167670) shows that it

encodes a full-length cDNA, 1.646 kb in size, with an open

reading frame (ORF) of 1.239 kb, a 5¢ untranslated region

(UTR) of 0.147 kb and a 3¢UTR of 0.260 kb including an 18 bp

poly(A) tail. The sequence analysis of pBS-PDH47-2 cDNA

(accession no. AY167671) shows that it also encodes a full-

length cDNA which is 1.638 kb in size with an ORF of

1.239 kb, a 5¢ UTR of 0.082 kb and a 3¢ UTR of 0.317 kb

including a 19 bp poly(A) tail. The two clones were 92%

identical. Thereafter, further work was performed with only

clone pBS-PDH47-1. The deduced amino acid sequence

revealed a protein of 413 amino acid residues with a calcu-

lated molecular mass of 47 kDa and a pI of 5.39. Amino acid

sequence alignment of PDH47 revealed the highest identity

(93%) to be with tobacco eIF4A (accession no. X79009).

PDH47 exhibits all nine canonical helicase motifs including

the newly discovered Q motif.

Tissue distribution and regulation of PDH47 transcript levels

in response to abiotic stresses

The transcript levels of PDH47 in different organs of peawere

studied by Northern hybridization. The results showed a

single transcript of approximately 1.6 kb in pea shoots and

roots but not in flowers or tendrils after washing the blot at

both low stringency (data not shown) and at high stringency

(Figure 1a). The transcript was of the expected size for

PDH47mRNAs. The transcript level was higher in the shoots

than in the roots (Figure 1a, lanes 2 and 1, respectively).

To analyze PDH47 expression under various abiotic stresses,

7-day-old pea seedlings were treated with the indicated

stresses for different times. Control plants were treated in

the same manner with water. Total RNAs were extracted

from control and treated shoot and root tissues and

hybridized with the ORF of PDH47 cDNA probes. The results

are shown in Figure 1 (panels b, d, f, h, j for shoots and c, e, g,

i, k for roots). The quantitative data are also shown as histo-

grams on top of the autoradiograms. The upregulation of

PDH47 transcripts was observed in both shoots and roots of

the cold (panels b and c) and salinity (panels d and e) stress-

treated pea plants. Following treatment at low temperature

(4�C), the transcript increased after 6 h, reaching amaximum

at 24 h both in shoots and roots (Figure 1b,c). After NaCl

(300 mM treatment, the level increased after 6 h both in

shoot and root (Figure 1d,e). Interestingly, in response to

drought stress the transcript level of the PDH47 gene did

not alter in either shoots (Figure 1f) or roots (Figure 1g). In

response to heat (37�C) stress, an opposite effect was ob-

served in shoots (downregulation) and roots (upregulation)

(Figure 1h,i, respectively). Finally, after treatment with

abscisic acid (ABA), the level of transcript did not change in

shoots (Figure 1j) but increased in roots (Figure 1k).

Expression, purification and characterization of PDH47

protein

The pea cDNA encoding PDH47 was cloned into a bacterial

expression vector pET28a (pET28a-PDH47) and the recom-

binant His-tagged protein was expressed in E. coli. The

recombinant PDH47 was present in the soluble fraction and

purified by Ni2þ/NTA-agarose and heparin Sepharose col-

umn chromatography. Sodium dodecyl sulfate polyacryla-

mide gel electrophoresis (SDS-PAGE) analysis showed a

47 kDa polypeptide induced by isopropyl b-D-thiogalacto-
pyranoside (IPTG) in E. coli transformed with pET28a-PDH47

(Figure 2a, lane 2) (compare with the uninduced run in lane

1). A single Ni2þ/NTA agarose column chromatography step

yielded almost 95% pure PDH47 protein (Figure 2a, lane 3).

The PDH47 was further purified to homogeneity by passing

through heparin Sepharose (Figure 2a, lane 4). An antibody

raised against the PDH47 protein detects it as a single band

of 47 kDa in IPTG-induced, Ni2þ/NTA agarose and heparin

Sepharose fractions (data not shown). These purification

protocols routinely yielded about 10 mg of homogeneous

PDH47 from 1 l of bacterial culture.

The DNA-unwinding activity of PDH47 was characterized

by assaying the displacement of 32P-labeled DNA from a

partial duplex DNA substrate. The substrate used for most of

Stress-induced bipolar and dual pea helicase regulated by phosphorylation 77

ª Blackwell Publishing Ltd, The Plant Journal, (2005), 44, 76–87



the characterization contains hanging tails of 15 bp on both

the 5¢ and 3¢ ends, as shown in Figure 2b. DNA-unwinding

activity was measured by using approximately 1 ng of

substrate (40 pM or 0.40 fmol/10 ll) with 10 ng of PDH47

enzyme (20 nM or 0.20 pmol/10 ll). The purified enzyme

shows DNA-unwinding activity (Figure 2b–g). The enzyme

loses the activity upon heating at 56�C for 3 min or after

prolonged storage at 4�C (data not shown). TheDNAhelicase

activity is destroyed by trypsin and is inhibited by EDTA

(5 mM), sodium phosphate (100 mM), NaCl (200 mM) or

45 mM ammonium sulfate (data not shown). The activity is

only around 50% inhibited by M13 ssDNA (30 lM as phos-

phate), while M13 dsDNA and yeast tRNA (30 lM as phos-

phate) had almost no effect (data not shown). Interestingly,

the enzymeshowsgoodactivityover abroadpH range from5

to 10 (Figure 2b, lanes 3–10) with an optimum activity at pH 8

and 9 (lanes 8 and 9, respectively). There is no activity in the

absence of ATP (Figure 2c, lane 2). The ATP concentration

curve (Figure 2c) shows its maximum at 2 mM (lane 6), while

the activity is inhibitedover 8 mM (lane10). ATPanddATPare

the best-utilized cofactors (Figure 2d, lanes 2 and 3) while

other nucleotide triphosphates (NTPs)/deoxyNTPs (dNTPs)

such as guanosine triphosphate (GTP), dGTP, cytidine

triphosphate (CTP), dCTP, thymidine triphosphate (TTP)

(a)

(b)

(c)

(d) (f) (h) (j)

(e) (g) (i) (k)

Figure 1. Analysis of PDH47 transcripts in response to abiotic stresses in pea shoots and roots.

(a) Northern blot analysis. Total RNA (30 lg) was separated by electrophoresis, blotted and hybridized with the 32P-labeled ORF of PDH47 cDNA (1.239 kb). For equal

loading of RNA in each lane, the same blot was hybridized with the 18S rRNA gene, as shown in the bottom panel. Lanes 1 to 4 contain RNAs isolated from root,

shoot, flower and tendril tissue, respectively.

(b–k) Transcript level in shoot and root tissue in response to stress. The total RNAs were extracted from shoot and root tissue after stress treatment. The various

abiotic stresses used were cold (b and c), salinity (d and e), drought (f and g), heat (h and i) and ABA (j and k). The RNA (30 lg) samples were separated by

electrophoresis, blotted and hybridized with the 32P-labeled ORF of PDH47 cDNA. For each stress examined in shoots (b, d, f, h, j) and roots (c, e, g, i, k) the upper

panel shows the quantitative data, the middle panel shows the autoradiograph of PDH47 transcript (1.6 kb) and the lower panel shows the hybridization of the same

blot with the 18S rRNA gene (loading control). In each panel lane 1 is the control without any treatment while lanes 2, 3 and 4 are the RNA samples collected after 6,

12 and 24 h of stress treatment.
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and uridine triphosphate (UTP) did not support the activity

(Figure 2d, lanes4–9). There isnoactivity ifATP is replacedby

ADP or AMP or the poorly hydrolysable ATP analog ATPcS
(data not shown). The enzyme is also Mg2þ dependent, as it

did not show activity in the absence of Mg2þ (Figure 2e, lane

2). The Mg2þ concentration curve (Figure 2e, lanes 3–9)

shows optimum activity at 0.5 mM (lane 5), while the activity

is reduced at 5 mM Mg2þ (lane 9). It shows equally good

activity whether the source of Mg2þ is MgCl2 or MgSO4

(Figure 2f, lanes 2 and 3). In the presence ofMn2þ the enzyme

shows similar activity (Figure 2f, lane 4) to that with Mg2þ.

However, with Ca2þ and Zn2þ very little activity was seen

(lanes 5 and 8). Other divalent cations, such as Ni2þ, Cu2þ,

Co2þ andAg2þ, were unable to support the activity (Figure 2f,

lanes 6, 7, 10 and 11). The overall divalent cation requirement

was Mg2þ ¼ Mn2þ > Zn2þ > Ca2þ. The enzyme shows opti-

mum activity at 75 mM KCl (Figure 2g, lane 3), while above

200 mM KCl the enzyme activity is inhibited (lanes 7, 9 and

10). The enzyme did not show ATPase activity in the absence

of ssDNA andMg2þ (data not shown). The ssDNA-dependent

ATPase activity was present at a level of about 2.0 nmol ATP

hydrolyzed in 60 min by 10 ng of pure PDH47 protein.

The ATP-binding activity of PDH47 is shown in Figure 2(h)

(Coomassie stained gel) and Figure 2(i) (autoradiogram of

the same gel). For affinity labeling, the protein was incuba-

ted with [a-32P]-ATP on ice in the presence of UV light

followed by SDS-PAGE (Figure 2h) and autoradiography of

the gel (Figure 2i). The results showed that both the 47 kDa

polypeptide of PDH47 and the 100 kDa E. coli DNA polym-

erase I as positive control (Figure 2h, lanes 2 and 3) bind

radioactive ATP and showed the respective radioactive

bands in the autoradiogram (Figure 2i, lanes 2 and 3)

(a)

(b) (c)

(d) (e)

(f) (g)

(h) (i)

Figure 2. Purification of recombinant PDH47 protein from bacteria and its

DNA-unwinding and ATP-binding activities.

(a) Induction and purification of PDH47 from E. coli is shown on SDS-PAGE.

Lane M is a molecular weight marker. Lane 1 is uninduced, lane 2 is IPTG-

induced, lane 3 is PDH47 protein after Ni2þ/NTA-agarose column and lane 4 is

purified PDH47 after heparin Sepharose column chromatography. The protein

size markers are indicated to the left side of the gel.

(b–g) DNA-unwinding activity of purified PDH47. The DNA helicase substrate

used in panels (b) to (g) contains 15 bp hanging tails at both the 3¢ and 5¢ ends
as shown in the upper half of panel (b). Asterisks on the substrate denote the
32P-labeled end. The standard helicase reaction was performed by using

10 ng of pure PDH47 protein (20 nM or 0.20 pmol/10 ll) with about 1 ng of 32P-

labeled helicase substrate (40 pM or 0.40 fmol/10 ll). In each autoradiogram,

lanes C (control) and B (boiled) show the reaction without enzyme and

reaction with heat-denatured substrate, respectively.

(b) pH dependence of DNA unwinding by PDH47. The standard helicase reac-

tions were performed under acidic and basic pH conditions. In lanes 3 to 10,

the different pH buffers used were pH 5, 6, 6.5, 7, 7.5, 8, 9 and 10, respectively.

(c) ATP-dependent reaction. The standard helicase reactions were performed

with varying concentrations of ATP, mentioned on top of each lane of the

autoradiogram.

(d) Preference of nucleotides triphosphate for PDH47 activity. The standard

helicase reactionswereperformed in thepresenceof one of theNTPsor dNTPs

(2 mM).ThedifferentNTPsordNTPsusedarementionedonthetopofeachlane.

(e) Effect of MgCl2 on the DNA-unwinding activity of PDH47. The standard

helicase reactionswere carried out in varying concentrations of MgCl2, shown

aboveeach laneof theautoradiogram.

(f) Preference of divalent cations for DNA-unwinding activity of PDH47. The

helicasereactionswereperformedinthepresenceofeither0.5 mMMg2þ(lanes2

and3)ordifferentdivalentcations(0.5 mM):Mn2þ,Ca2þ,Ni2þ,Cu2þ,Zn2þ,Co2þ,or

Ag2þ (lanes4 to8, 9and10, respectively).

(g) EffectofKClon theDNA-unwindingactivityofPDH47.Thestandardhelicase

reactionswere carried out in varying concentrations of KCl, shown above each

laneof theautoradiogram.

(h, i)Ultravioletcross-linkingofATP. (h)Coomassie-stainedSDS-PAGEgelafter

the UV cross-linking reaction. Lane M contains protein molecular weight

markers. Lane 1, [a-32P]-ATP was incubated without any protein. (i) Autoradio-

gramofphotoaffinity-labeledE.coliDNApolymeraseIasapositivecontrol(lane

3) andPDH47protein (lane2)with [a-32P]-ATP.All thesedatawere reproducible

and theexperimentswere repeatedat least three times.
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indicating that ATP does bind to the PDH47 protein. The

labeling reaction was also performed in the absence of the

protein (Figure 2h,i, lane 1) in order to observe the back-

ground. Competition with increasing concentrations of

unlabeled ATP showed the appropriate reduction in inten-

sity of the radioactive band (data not shown).

Bidirectional DNA-unwinding activity of PDH47

To determine the direction of translocation of PDH47, four

substrates, two specific for the 3¢ to 5¢ direction (Figure 3a,c,

top panel) and another two for the 5¢ to 3¢ direction

(Figure 3b,d, top panel), were constructed. DNA-unwinding

activitywas carried out using approximately 1 ng of different

direction-specific substrates (40 pM or 0.40 fmol/10 ll) and
5 and 10 ng of PDH47 enzyme (10 nM or 0.10 pmol/10 ll, and
20 nM or 0.20 pmol/10 ll) as shown in Figure 3(a–d) (bottom

panels). The release of radiolabeled DNA from the substrates

of Figure 3(a,c) and from the substrates of Figure 3(b,d)

by PDH47 enzyme indicate movement in the 3¢ to 5¢ and
5¢ to 3¢ directions, respectively. The results showed that

PDH47 could unwind all four substrates (Figure 3a–d), indi-

cating its bidirectional DNA-unwinding activity. However,

it showed a little more DNA-unwinding activity with the

3¢ to 5¢ direction-specific substrates (Figure 3a,c) than with

the 5¢ to 3¢ direction-specific substrates (Figure 3b,d). The

direction-specific activities of PDH47 were also dependent

on ATP/Mg2þ, as shown by kinetic measurements and

catalytic concentrations of the protein (data not shown).

Immunodepletion of DNA-unwinding and ATPase activities

of PDH47 by antibodies

Purified recombinant His-tagged PDH47 protein was indi-

vidually reacted with immunoglobulin G (IgG) purified from

pre-immune rabbit serum and antiserum raised against

PDH47 protein, as well as with anti-His monoclonal anti-

body. Protein A Sepharose beads were used to remove the

antigen–antibody complex. The supernatant was analyzed

for DNA helicase and ATPase activities under standard assay

conditions using hanging tail substrates (as shown on the

left-hand side of Figure 4a) for helicase and radioactive

[c-32P]-ATP for ATPase. Activities of both the DNA helicase

(Figure 4a, lanes 3 and 4) and the ATPase (Figure 4b, lanes 3

and 4) were depleted by anti-PDH47 IgG and anti-His

antibodies, respectively. There was no reduction in activity

using the pre-immune IgG (Figure 4a,b, lane 2).

DNA–RNA and RNA helicase activity of PDH47

PDH47 showsMg2þ- and ATP-dependent DNA–RNA helicase

activity (Figure 4c, lane 4). It fails to unwind the substrate in

the absence of Mg2þ and ATP (Figure 4c, lanes 2 and 3,

respectively). In addition, PDH47 protein also has RNA-

unwinding activity (Figure 4d, lane 4). This RNA unwinding

was also Mg2þ and ATP dependent (Figure 4d, lanes 2 and 3,

respectively). The RNA helicase activity was also immuno-

depleted in a specific manner (data not shown).

Function of PDH47 in translation of proteins

To study the effect of PDH47 on translation of protein, anti-

PDH47 antibody was used in an in vitro transcription–

(a) (b)

(c) (d)

Figure 3. Bipolar DNA-unwinding activity of PDH47.

The construction and structure of the linear substrates for the 3¢ to 5¢ direction
(a and c) and the 5¢ to 3¢ direction (b and d) are shown on top of the

autoradiogram. In each gel, lane 1 is the reaction without enzyme (control)

and lanes 2 and 3 are the reaction with 5 and 10 ng of pure PDH47 protein,

respectively. Lane 4 is the boiled substrate. The asterisk denotes the
32P-labeled end. These experiments were repeated at least three times.
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translation coupled assay performed with firefly luciferase

mRNA using a wheat germ lysate system (Promega, Madi-

son, WI, USA). Since PDH47 contains about 91% identity at

the amino acid level with wheat germ eIF4A [accession no.

Z21510 (gi397632)], the anti-PDH47 antibodies should react

with wheat germ eIF4A. In vitro translation in the presence of

pre-immune rabbit serum IgG (as a control) yielded a 61 kDa

luciferase protein (Figure 4e, lane 1). There was no effect of

pre-immune IgG on the translational activity of the lysate, as

the 61 kDa luciferase protein band showed the same inten-

sity as an untreated lysate (Figure 4e, lane 5). The presence

of 1 lg of purified anti-PDH47 antibodies (IgG) during in vitro

translation resulted in the inhibition of the translation

(Figure 4e, lane 2). Upon further increase in the quantity of

antibodies in the reaction to 2 lg, more inhibition of trans-

lation was observed (Figure 4e, lane 3). Furthermore, the

addition of the purified PDH47 protein (1 lg) to the standard

in vitro translation reaction resulted in an enhancement of

the product (61 kDa luciferase protein) (Figure 4e, lane 4).

The intensity of the product band was quantified and the

data are shown as a histogram under the autoradiogram

(Figure 4e, lower panel).

In vitro phosphorylation of PDH47 by protein kinase C

In vitro phosphorylation is based on incubating the PDH47

protein with [c-32P]-ATP in the presence of PKC (from an

animal source). Here we have used myelin basic protein

(MBP) as a positive control and bovine serum albumin (BSA)

as a negative control for the PKC. After incubation, phos-

phorylation of the proteins was examined by SDS-PAGE

followed by autoradiography. The results show that the

47 kDa polypeptide of PDH47 (Figure 5a, lanes 1 and 2) and

the 23.3 kDa polypeptide of MBP (Figure 5a, lane 3) were

phosphorylated by PKC, while the negative control (66 kDa

BSA) did not show any phosphorylation (Figure 5a, lane 4).

This phosphorylation was dose dependent, as the extent of

phosphorylation increased with increase in the concentra-

tion of PDH47 (40 ng, lane 1, 60 ng, lane 2).

(a) (b)

(c)

(e)

(d)

Figure 4. Immunodepletion of DNA helicase and ATPase activities and DNA–

RNA- and RNA-unwinding activities of PDH47 and its function in in vitro

translation.

(a) Immunodepletion of DNA helicase activity. Lane 1, control without

enzyme. Lane 2, PDH47 treated with pre-immune IgG. Lane 3, PDH47 treated

with anti-His monoclonal antibody. Lane 4, PDH47 treated with anti-PDH47

IgG. Lane 5, heat-denatured substrate. The structure of the hanging-tail

substrate used for the assay is shown to the left-hand side of the gel.

(b) Immunodepletion of ATPase activity. Lane 1, control without enzyme. Lane

2, PDH47 treated with pre-immune IgG. Lane 3, PDH47 treated with anti-His

monoclonal antibody. Lane 4, PDH47 treated with anti-PDH47 IgG. The

positions of the inorganic phosphate (Pi) and ATP are marked on the right-

hand side of the thin layer chromatogram.

(c, d) DNA–RNA- and RNA-unwinding activities of PDH47.Models of the DNA–

RNA and RNA duplex substrates used to detect RNA helicase activity are

shown at the top of the respective autoradiograms. The asterisk denotes the
32P-labeled end. In both panels (c) and (d) lane 1 is the reaction without

enzyme, lane 2 is the reaction with PDH47 but without Mg2þ, lane 3 is the

reaction with PDH47 but without ATP, lane 4 is the reaction with PDH47

protein (10 ng) and lane 5 is the boiled substrate.

(e) Inhibition and stimulation of in vitro translation with anti-PDH47 antibod-

ies and PDH47 protein, respectively. An in vitro translation reaction was

performed using a wheat germ lysate system and luciferase mRNA. The

61 kDa luciferase product is shown by an arrow on the left-hand side of the

autoradiogram. Lane 1 is a standard reaction in the presence of rabbit pre-

immune IgG (2 lg) showing the prominent 61 kDa band. Lanes 2 and 3 are the

in vitro translation reaction in the presence of two different concentrations (1

and 2 lg) of anti-PDH47 IgG. Lane 4 is the standard in vitro translation reaction

with additional PDH47 protein. Lane 5 is the control translation reaction

without the antibodies and PDH47 protein. The quantitative data are shown as

a histogram under the autoradiogram of the gel.
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PDH47 is phosphorylated at Ser and Thr residues

The phosphorylated 47 kDa band of PDH47 was eluted from

the gel and subjected to phospho-amino acid analysis fol-

lowed by paper chromatography. This analysis revealed that

phosphorylation occurred on Ser and Thr residues of PDH47

(Figure 5b).

Stimulation of DNA helicase and ATPase activities of PDH47

by phosphorylation

The effect of PKC phosphorylation on the DNA helicase and

ssDNA-dependent ATPase activities of PDH47 was studied.

Both the DNA helicase (Figure 5c, lane 3) and ATPase

(Figure 5d, lane 3) activities of PDH47 were stimulated after

PKC phosphorylation (Figure 5c, lane 2 and Figure 5d, lane

2, respectively). Lane 1 in Figure 5(c,d) is a control reaction

without PDH47.

Localization of PDH47 by Western blotting and by

immunofluorescence labeling/confocal microscopy

The result of localization of PDH47 by Western blotting is

shown in Figure 6(a). The anti-PDH47 antiserum detected a

protein band of about 47 kDa in the cytosol and in the nuc-

lear extract (Figure 6a, lanes 1 and 2) but not in the chloro-

plast lysate (Figure 6a, lane 3). The purified recombinant

PDH47 protein (Figure 6a, lane 4) was used as a control, and

this was recognized by the antiserum. The pre-immune

serum did not recognize any protein in the same preparation

(data not shown). These results also showed that PDH47 is

more abundant in the cytosol than the nucleus (Figure 6a).

The in vivo localization of PDH47 was also analyzed by

immunofluorescence labeling followed by confocal micro-

scopy. Immunofluorescent labeling of tobacco BY2 cells

with anti-PDH47 antibodies showed the localization of the

PDH47 protein in the nucleus and cytosol of all the cells

(Figure 6b–d). These results are similar to the localization

determined by Western blotting (Figure 6a).

Discussion

As abiotic stress affects the cellular gene-expression machi-

nery, it is evident that the molecules involved in nucleic acid

processing, including helicases, are likely to be affected by

stress as well. However, the regulation of biochemically act-

ive DNAhelicases in response to stress has not been studied.

Stress-induced DNA helicases may be essential for survival

during timesof stress.Wehave isolated anovelDNAhelicase

gene (PDH47)which is specificallyupregulated in response to

cold and salinity. Biochemical analysis with purified recom-

binant PDH47 protein confirmed that it functions as a dual

bipolar helicase and ATPasewith activity that is enhanced by

phosphorylation and having involvement in protein synthe-

sis. It is differentially expressed in different organs (more in

shoots compared with roots) and it is not expressed in

detectable amount in the flowers or tendrils of pea plants.

In order to understand plant development and the stress

response, it is imperative to know the function of essential

(a) (b)

(c) (d)

Figure 5. In vitro phosphorylation and stimulation of DNA helicase and

ATPase activities of PDH47 by PKC.

(a) The standard kinase reaction was carried out with Mg2þ and [c-32P]-ATP
followed by SDS-PAGE and autoradiography as described in Experimental

procedures. The autoradiogram shows the 47 kDa band of PDH47 phosphor-

ylated with PKC (lanes 1 and 2). The phosphorylation reactions were

performed with 40 ng (lane 1) and 60 ng (lane 2) of PDH47 protein. Lane 3 is

the reaction with myelin basic protein (MBP) (as a positive control) and lane 4

is BSA (as a negative control).

(b) PDH47 is phosphorylated at Ser and Thr residues. The 32P-labeled 47 kDa

protein was hydrolyzed in 6 N HCl and analyzed by paper chromatography as

described in Experimental procedures. The positions of the standard phos-

pho-amino acids visualized by ninhydrin staining are indicated on the right.

(c) DNA helicase activity of PDH47 after phosphorylation with PKC. Lane 1,

control without PDH47. Lane 2, PDH47 (10 ng) without PKC (–PKC sample).

Lane 3, phosphorylated PDH47 (10 ng) (þPKC sample). Lane 4, heat-

denatured substrate. The percentage of unwinding in lanes 2 and 3 is shown

at the bottom of the gel. The structure of the hanging tail substrate used is

shown in Figure 4(a) (S, substrate; UD, unwound DNA.)

(d) ssDNA-dependent ATPase activity of PDH47 after phosphorylation with

PKC. Lane 1, PDH47 (10 ng) without PKC (–PKC sample). Lane 2, PDH47

(10 ng) with PKC (þPKC sample). The percentage of inorganic phosphate (Pi)

released in lanes 1 and 2 is shown at the bottom of the autoradiogram. The

positions of Pi and ATP are marked on the right-hand side.
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genes and their regulation during different phases of the

plant life cycle. Cold, drought and salinity are common

stress conditions that can adversely affect plant growth and

yield. By using a full-length cDNA microarray method, a

large number of genes (including one of the DEAD-box

helicases,DRH1) in Arabidopsis were induced in response to

various abiotic stresses (Seki et al., 2001) but their functions

have not yet been defined. In this study, the transcript level

of PDH47 showed a differential steady-state in response to

various abiotic stresses. In general, shoots had a higher level

of expression than roots; however, in both tissues there was

an upregulation of transcription in response to cold and

salinity. A mutant, los4-1, which was previously reported to

be altered in cold-responsive gene regulation and chilling

tolerance, was found to encode a DEAD-box helicase protein

(Gong et al., 2002). This also indicated that helicases might

be involved in stress signaling. Studies of animal and

microbial systems have also suggested a possible upregu-

lation of DEAD-box helicases in response to environmental

stresses (Briolat and Reysset, 2002; Liu et al., 2002; Yu and

Owttrim, 2000). In barley, the putative RNA helicase gene

HVD1was induced under salinity stress in shoots (Nakamura

et al., 2004). Interestingly, in the present study no significant

change in PDH47 mRNA level was observed in response to

drought stress. In response to heat stress, the PDH47 mRNA

was upregulated in root tissue but downregulated in shoot

tissue. This tissue-specific dual regulation of PDH47 by heat

stress in roots and shoots could be a novel behavior of this

gene. In shoot tissue it was found that PDH47 mRNA was

upregulated at a low temperature (4�C) but downregulated

at a higher temperature (37�C). The cold-shock-specific

expression of PDH47 mRNA is similar to that of the E. coli

RNA helicase gene CsdA (Charollais et al., 2004) and DEAD-

box proteins from cyanobacteria (Yu and Owttrim, 2000).

However, PDH47 is not a homolog of these genes. Interest-

ingly, induction of the transcript in roots was mediated by

the phytohormone ABA, while in shoots it follows an ABA-

independent pathway. This observation will be useful in

understanding tissue-specific components involved in ABA

signaling in plants. Recently, over-expression of PDH45 has

been shown to confer high salinity tolerance without

affecting yield, which indicates a role for helicases in stress

tolerance (Sanan-Mishra et al., 2005).

PDH47 is active over a broad pH range (pH 5–10). Activity

of DNA helicases at acidic pH is not very common, which

indicates that this is a novel enzyme functioning specifically

during conditions of stress. It uses only ATP or dATP as a

cofactor while the previously reported enzyme PDH45 could

utilize all the other NTPs/dNTPs as well (Pham et al., 2000).

Very interestingly, our studies showed that PDH47 translo-

cates in both the 3¢ to 5¢ and 5¢ to 3¢ directions along the

bound strand. Bipolar helicase activities are not very com-

mon among the DEAD-box family of helicases. Recently,

bipolar DNA helicase activities have been reported for the

PcrA helicase from Bacillus anthracis and Staphylococcus

aureus (Anand and Khan, 2004) and the HerA DNA helicase

from thermophilic Archaea (Constantinesco et al., 2004).

Anti-PDH47 antibodies (IgG) and anti-His antibodies were

shown to immunodeplete the DNA-unwinding and ATPase

activities of PDH47 in solution. This study confirms that all

the activities are due to the PDH47 polypeptide and not to

contamination by any E. coli helicases in the preparation.We

(a)

(b) (c) (d)

Figure 6. Localization of PDH47 in pea by Western blotting and in tobacco BY2 cells by immunofluorescence staining and confocal microscopy.

(a) Localization of PDH47 by Western blotting. The cytosol (Cyto., lane 1), nuclear extract (NE, lane 2) and chloroplast lysate (Ct. Ly., lane 3) were prepared from the

leaves of pea seedlings and fractionated by SDS-PAGE. Lane 4 is purified PDH47 (after heparin Sepharose column chromatography) as a positive control for the

antibody. Proteins were transferred onto a nitrocellulose membrane and Western blots used polyclonal anti-PDH47 antiserum.

(b–d) In vivo localization. The tobacco BY2 cells were fixed, permeabilized and immunostained with primary antibodies against PDH47 followed by Alexafluor 488-

labeled secondary antibody and then counterstained with DAPI. A single confocal image is shown. (b) Image of cell stained with DAPI (blue). (c)

Immunofluorescently stained cell (green). Anti-PDH47 labeling is restricted to the nucleus and cytosol. (d) Superimposed image of cell.
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observed that PDH47 also contained ATP-dependent RNA as

well as DNA–RNA-unwinding activities. The RNA-dependent

ATPase activity of PDH47 helps to explain its RNA helicase

activity. This study confirms that PDH47 is a dual helicase

containing both DNA and RNA helicase activities; there are

only a few proteins endowed with both DNA and RNA

helicase activity (Tuteja and Tuteja, 2004a).

Regarding the role of PDH47 in translation, we observed

that the antibodies against PDH47 inhibit in vitro protein

synthesis. Furthermore, we also observed that the purified

PDH47 protein enhances in vitro protein synthesis. These

studies confirm the role of PDH47 in protein synthesis.

Protein synthesis is very sensitive to stress, so the factors

involved in translation could be potentially affected by stress

in plants. PDH47may act at the translational level to enhance

or stabilize protein synthesis during conditions of stress in

plants. During stress, secondary structures could be created

in the 5¢ UTR of the mRNA of essential proteins which need

to be resolved. Since PDH47 is induced during times of plant

stress, its RNA helicase activity probably helps to unwind

inhibitory structures in the 5¢UTR of mRNA, which facilitates

binding of the 40S ribosomal subunit and thereby promotes

protein synthesis. The mechanisms of translation initiation

are conserved among eukaryotes, and the regulation of

translation occurs at the step of initiation (Gingras et al.,

1999).

This study shows that PDH47 is a substrate of PKC and the

activities of PDH47 were stimulated after phosphorylation.

Protein kinase C is a Ser/Thr kinase and is known to be

involved in gene expression, signal transduction and regu-

lation of the activities of many proteins (Buelt et al., 1994;

Tuteja et al., 2003; Yang et al., 2004). This result clearly

suggests that phosphorylation plays a role in regulating the

enzymatic activities of PDH47. Protein kinase C-dependent

phosphorylation also suggests that PDH47 may be involved

in signal transduction pathways regulating the cellular

functions of the DNA helicase and ATPase activities of the

protein. Amino acid analysis showed that both Ser and Thr

residues were phosphorylated with PKC. Computer analysis

(NetPhos, Expasy) of amino acid sequences of PDH47

revealed that it contained few potential Ser and Thr sites

for PKC phosphorylation. The phosphorylation of tobacco

eIF4A8, a pollen-specific isoform, was shown to occur at a

Thr residue with an unknown kinase (op den Camp

and Kuhlemeier, 1998). Previously, the helicase activity of

PDH65 was reported to be upregulated by cdc2 and CK2

phosphorylation (Tuteja et al., 2001). Pea topoisomerase I

activity has also been reported to be enhanced by PKC

phosphorylation (Tuteja et al., 2003). In contrast, the

RNA helicase and ATPase activities of p68 protein are

inhibited by PKC phosphorylation (Buelt et al., 1994; Yang

et al., 2004). Overall, the results of phosphorylation studies

suggest that PKC may contribute to the physiological

regulation of DNA helicase and ATPase activities in the

plant cell. Here we have reported the phosphorylation of

eIF4A by PKC. This may also increase our understanding of

the link between signal transduction and gene expression

in plant systems.

Localization of PDH47 in both cytosol and nucleus

indicates that it could be a multifunctional protein. The fact

that PDH47 is more abundant in the cytosol than the nucleus

makes it different from the previously described PDH45,

which was present in almost equal amounts in cytosol and

nucleus (Pham et al., 2000). These findings suggest the

possibility of a function for PDH47 in initiation of translation

(because of its cytosolic localization) and maybe some other

role in nucleic acid transaction processes (because of its

presence in the nucleus). Previously, themammalian protein

eIF4AIII (isoform of eukaryotic translation initiation factor

4A) has been shown to be present in the nucleus and is

involved in nonsense-mediated mRNA decay (Ferraiuolo

et al., 2004).

In conclusion, the data in this paper report the cloning and

molecular characterization of a unique cold and salinity

stress-induced bipolar and dual helicase in pea plants. The

discovery of such an important DNA helicase with a possible

role in abiotic stress signaling should make a significant

contribution to our better understanding of DNA transac-

tions in stressed conditions which have hitherto not been

studied in detail in plants.

Experimental procedures

Materials

M13 ssDNA and dsDNA were prepared using standard methods.
NTPs and dNTPs were from Life Technologies (Gaithersburg, MD,
USA), and [c-32P]-ATP, [a-32P]-dCTP and [S35]-methionine were
purchased from Amersham Bioscience (Piscataway, NJ, USA).
Synthetic RNA and DNA oligonucleotides were synthesized chem-
ically and purified electrophoretically. The TNT Coupled Wheat
Germ Extract System was purchased from Promega. Protein A
Sepharose was from Amersham Pharmacia Biotech (Uppsala,
Sweden). The helicase enzyme (PDH47) was purified to homo-
geneity using a bacterial system as a recombinant His-tag protein.

Plant growth and treatment

Pea (Pisum sativum) seeds were surface-sterilized and allowed to
grow on wet germination paper under a 14 h/10 h light/dark cycle at
room temperature (20–22�C) for 7 days. For salt treatment, the
seedlings were grown in 300 mMNaCl solution by dipping the roots
only. For temperature treatments, the seedlings were transferred to
a 4�C cold chamber or a 37�C chamber under white light. For
drought treatment, the seedlings were carefully removed and
dehydrated on the filter paper as described by Yamaguchi-Shinozaki
and Shinozaki (1994). For ABA treatment 100 lM ABA was sprayed
on the seedling leaves and also the seedlings were transferred to the
same solution by dipping the roots. Seedlings grown in water for
the same period of time were taken as a control. After all the treat-
ments, the seedlings were frozen in liquid nitrogen and processed
for RNA isolation to analyze the expression of PDH47 transcripts.
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Construction of a Pisum sativum cDNA library

A cDNA library was constructed from 5 lg of poly(A)þ RNA (isolated
from the top four leaves of 7-day-grown pea seedlings) in Uni-Zap
XR vector using a Zap-cDNA synthesis kit (Stratagene, La Jolla, CA,
USA) following the manufacturer’s protocol. The resulting phage
library contained 109 plaque forming units ml)1. During library
construction, some ds-cDNA was also synthesized from cold-
stressed pea seedlings for use as a template for PCR cloning of
partial cDNA of stress-induced DNA helicase.

Stress-induced cDNA clones of pea DNA helicase and their

sequence analysis

The stress-induced cDNAs encoding DNA helicase were first parti-
ally cloned by PCR and then followed by isolation of full-length
clones by library screening. For partial cloning degenerate primers 1
(forward) and 2 (reverse) were designed, which correspond to
conserved helicase motif I (AQSGTGK) and motif VI (HRIGRSG),
respectively. The sequences of the primers were as follows: primer
1, 5¢-GCTCAAACTGGAAC(C/G/T)GG(A/G/T)AA-3¢; primer 2, 5¢-
CCA(C/G)T(A/G/T)GGACCAATACGATG-3¢. In PCR reactions, using
respective primer pairs and cold-stressed ds-cDNAs as a template, a
partial fragment of 800 bp was amplified. For cloning the full-length
cDNAs this partial fragment was radiolabeled and used as probe to
screen the pea cDNA library.

The cDNA sequencing was performed using the dideoxy chain
termination method with a Sequenase version 2 kit (US Biochem-
icals, Cleveland, OH, USA). Most of the routine sequence (DNA and
amino acid) analysis was performed using MacVector (version 7;
Oxford Molecular Group). A homology search was performed using
FASTA and multiple sequence alignment was done using CLUSTAL W

alignment programs.

Northern and Western blots

For Northern analysis, total RNA was extracted with TRIzol (Gibco-
BRL, Gaithersburg, MD, USA) from different tissues of 7-day-old
pea seedlings grown in water. The total RNAs were also extracted
from the seedlings exposed to different abiotic stresses (cold,
salinity, heat, drought and ABA). About 30 lg of total RNA was re-
solved by electrophoresis in a 1% agarose gel containing 5.5% for-
maldehyde, and trans-blotted onto Hybond Nþ membrane with 10·
SSC as a transfer buffer. For Southern analysis the genomic DNA
(30 lg) was extracted from pea leaves by the standard cetyltri-
methylammonium bromide (CTAB) method and digested with an
excess of restriction enzymes, electrophoresed on 0.75% agarose
gel, and transferred onto a nylon membrane (Hybond Nþ).

The RNA blot was hybridized with [a-32P]-labeled (nick translated)
PDH47 cDNA (full-length) as aprobe at 58�C in5·SSC, 5·Denhardt’s,
0.1% SDS and 100 lg ml)1 denatured salmon sperm DNA for 16–
18 h. After hybridization the blots were washed twice for 15 min at
low stringency (2· SSC þ 0.1% SDS at 50�C) and twice for 15 min at
high stringency (0.1· SSC þ 0.1% SDS at 55�C) followed by autora-
diography. The transcript levels were estimated by scanning the
autoradiograph using a laser densitometer (FLUOR-S MULTI IMAGER

QUANTITY 1[4.1.1] software; Bio-Rad, Hercules, CA, USA).
ForWestern analysis, total proteins were extracted from leaves of

pea seedlings, fractionated on a 10% polyacrylamide gel followed
by electrotransfer onto a nitrocellulose membrane. Anti-PDH47
polyclonal antibodies (rabbit) or anti-His monoclonal antibody
followed by alkaline-phosphatase conjugated secondary antibody
were used for detection of the PDH47 polypeptide. The signal was

developed by nitroblue tetrazolium (NBT)/5-bromo-4-chloro-3-
indolyl phosphate (BCIP) using the standard procedure.

Construction of plasmid for expression of stress-induced

PDH47 protein

The complete coding region (ORF) of the PDH47 cDNA (1239 bp)
was amplified by PCR using ds-cDNA as a template with primers
(5¢ and 3¢ ORF primers) harboring restriction sites, cloned in
frame into the BamHI site of the pET28a vector(þ) (Novagen,
Madison, WI, USA). The primers were as follows: primer 3,
5¢-CGGGATCCATGGCAGGAGTTGCAC-3¢ (forward) contains BamHI
site (underlined); primer 4, 5¢-CGGGATCCTCACAG-AAGTTCAGCC-
ACATTG-3¢ (reverse) contains BamHI site (underlined). This resulted
in the construction of plasmid pET28a-PDH47 whose sequence and
orientation were verified before being used for protein expression.

Expression and purification of PDH47 protein

The plasmid pET28a-PDH47 was transformed into E. coli BL21(DE3)
plysS cells (Novagen, Schwalbach, Germany). A fresh culture of the
E coli containing pET28a-PDH47 was grown in Luria–Bertani (LB)
medium containing 50 lg ml)1 of kanamycin (until the Absorbance
at 600 nmwavelength [A600] reached 0.5), induced by IPTG (0.1 mM)
and harvested by centrifugation. All the purification steps were
performed at 4�C. The resulting pellet was resuspended in ice-cold
Tris-buffered saline (TBS) buffer, and lysed by the freeze–thaw
method according to Novagen’s instructions. The cell lysate was
centrifuged at 10 000 g for 10 min at 4�C. PDH47 was present in the
soluble fraction so it was purified using nickel-NTA (Qiagen GmbH,
Cologne, Germany) column chromatography following the manu-
facturer’s instructions. The resulting protein was almost 95% pure
as checked by Western blotting. PDH47 was further purified to
homogeneity by heparin Sepharose 6B (Pharmacia) column chro-
matography in buffer containing 50 mMTris-HCl, pH 7.4, 50 mMKCl,
1 mM EDTA and protease inhibitors. The dialyzed protein was ap-
plied to the column and eluted at 250 mM KCl in the same buffer.
The purity of the recombinant protein (histidine-tagged PDH47) was
checked by SDS-PAGE and Western blotting with anti-PDH47 and
anti-His antibodies using standard procedures and this pure protein
was used for all assays.

Preparation of substrate for DNA and RNA helicase assays

The substrate used in the DNA-unwinding assay consisted of a 32P-
labeled 47-mer DNA oligo [5¢-(T)15GTTTTCCCAGTCACGAC(T)15-3¢]
annealed to M13mp19 phage ssDNA. This partial duplex DNA
substrate contained hanging tails of 15 nucleotides at both the 5¢
and 3¢ ends. It was prepared as follows: 10 ng of 47-mer was radi-
olabeled at the 5¢ end with T4 polynucleotide kinase (5 U) and
0.925 MBq of [c-32P]-ATP (185 TBq mmol)1), annealed with 3 lg of
M13 ssDNA followed by purification using gel filtration chroma-
tography as described (Tuteja et al., 1994, 1996). DNA–RNA sub-
strates and partial duplex RNA substrates used in this study were
described previously (Tuteja et al., 1991, 1992, 1993, 1994, 1996).

DNA helicase and ATPase assays

The DNA helicase reaction was performed in 10 ll of mixture con-
sisting of 20 mM Tris-HCl (pH 8.0), 2 mM ATP, 0.5 mM MgCl2, 75 mM

KCl or NaCl, 8 mM DTT, 4% (w/v) sucrose, 80 lg ml)1 BSA, about
1 ng of 32P-labeled substrate (approximately 2000 c.p.m.; 40 pM or
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0.40 fmol/10 ll) and the purified PDH47 protein (10 ng; 20 nM or
0.20 pmol/10 ll). The reaction mixture was incubated for 60 min at
37�C and the reaction was stopped and analyzed as previously
described (Tuteja et al., 1994). The ATPase reaction conditions were
identical, except that the 32P-labeled helicase substrate and 2 mM

ATP were omitted and instead 1665 Bq [c-32P]-ATP was included.
This reaction was run for 2 h at 37�C and analyzed as described
(Tuteja et al., 1994, 1996).

UV cross-linking of ATP to PDH47

Affinity labeling of purified PDH47 protein with [a-32P]-ATP was
performed as previously described (Tuteja et al., 1993). Escherichia
coli DNA polymerase I was used as a positive control.

Immunodepletion of helicase and ATPase activities of

PDH47

The immunodepletion of enzymatic activities of PDH47 was per-
formed as described previously (Tuteja et al., 2001). Polyclonal
antibodies against recombinant PDH47 were raised in rabbits. The
IgG from immune and pre-immune sera was purified using protein
A–Sepharose by standardprocedures. Since the recombinant PDH47
was purified as a His-tag protein, monoclonal anti-His antibody was
also used for immunodepletion. PDH47 protein was first incubated
with anti-PDH47 IgGormonoclonal antibody followed by removal of
antigen–antibody complex by protein A Sepharose beads. Meas-
urement of enzymatic activities in the supernatant was as described.

ATP-dependent RNA helicase and DNA–RNA helicase

assays

The RNA–RNA- and DNA–RNA-unwinding reaction conditions were
identical to those described above for the DNA helicase reaction,
except the DNA substrate was replaced by 32P-labeled RNA–RNA or
DNA–RNA partial duplex substrates and one unit of RNase block
was also included in the reaction.

In vitro translation

For in vitro transcription and translation of the luciferase gene, TNT
Coupled Wheat Germ Lysate from Promega along with [35S]-
methionine was used as described by the manufacturer. Before the
reaction the wheat germ lysate was incubated for 10 min at 4�C with
either pre-immune IgG or anti-PDH47 IgG. The IgG from rabbit sera
was purified by protein A Sepharose using standard procedures.
The standard reaction (without any antibodies) was also performed
in the presence of purified PDH47 protein.

Protein kinase assay

In vitro phosphorylation of PDH47 was performed with PKC from an
animal source (Promega). For the PKC assay, 50 ll of the reaction
mixture contained 30 mM HEPES, (pH 7.5), 10 mM MgCl2, 2 mM

CaCl2, 5 mM EGTA, 4 lg of phosphatidylserine (PS), 10 nM phorbol
12-myristate 13-acetate (PMA), 40 ng (or 60 ng) of purified PDH47
protein and 5 U PKC. The reaction was initiated by adding [c-32P]-
ATP to a final concentration of 1 lM (2 lCi) and incubated at 30�C for
30 min. The addition of 13 ll of 4· Laemmli SDS sample buffer
terminated the reaction. This was loaded on a SDS-10% polyacryl-
amide gel, fractionated by electrophoresis and analyzed by auto-
radiography.

Phospho-amino acid analysis

The phosphorylated 47 kDa band of PDH47 was eluted from the gel
and hydrolyzed in 6 N HCl for 2 h at 100�C as described (Hunter and
Sefton, 1980). After hydrolysis, the sample was concentrated in a
Speed Vac and analyzed by paper chromatography on Whatman
3 MM paper. The standard samples (phosphoserine, phosphotyro-
sine and phosphothreonine) were also run along with this sample.
After chromatography the paper was sprayed with ninhydrin fol-
lowed by autoradiography.

Preparation of pea nuclear extract, cytosol and chloroplast

lysate

Pea nuclear extract and cytosol were prepared from 7–8-day-old pea
seedlings as previously described (Tuteja et al., 2001). The chloro-
plast lysate was prepared as described (Tuteja et al., 1996).

In vivo localization by immunofluorescence staining and

confocal microscopy

Exponentially growing tobacco BY2 suspension cells were fixed in
4% formaldehyde, permeabilized by cellulase and layered onto
poly-L-lysine-coated cover slips. The cells were immunostained
with PDH47-specific primary rabbit antibody in 1:2000 dilutions and
Alexafluor 488-labeled goat antirabbit secondary antibody
(Molecular Probes, Eugene, OR, USA) in 1:1000 dilutions. The cells
were counter-stained with 4¢,6-diamidino-2-phenylindole (DAPI)
(0.2 lg ml)1) for 20 min just before mounting the slide in Antifade
solution (Fluroguard; Bio-Rad, USA). Confocal laser scanning
(Radiance 2100; Bio-Rad) was performed under a Nikon microscope
(objective Plane Apo 60·/1.4 oil; Nikon Corporation, Tokyo, Japan).
The excitation wavelength for Alexa fluorescence was 488 nm (ar-
gon laser) and fluorescence was detected through an HQ515/30
emission filter (high-quality band pass), centered at 515 nm with
30 nm bandwidth. DAPI fluorescence was excited by a blue diode
(405 nm) and detected through an HQ442/45 emission filter. Image
processing was carried out with LazerSharp (Bio-Rad) and Photo-
Shop 5.5 (Adobe systems, San Jose, CA, USA) was used for the final
image assembly.
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